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Anatomical and Functional Evaluation of
Pulmonary Veins in Children by Magnetic Resonance Imaging
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Christopher K. Macgowan, PHD,* John G. Coles, MD,‡ Leland N. Benson, MD,†
Andrew N. Redington, MD,† Shi-Joon Yoo, MD*†
Toronto, Canada
Pulmonary vein pathologies often present a diagnostic challenge. Among the different imaging modalities used
for the evaluation of pulmonary veins, magnetic resonance is the most comprehensive in assessing anatomy
and pathophysiology at the same time. Bright blood cine sequences and contrast-enhanced magnetic resonance
angiography outline the course and connections of the pulmonary veins. Phase-contrast velocity mapping mea-
sures flow patterns, velocities, and volumes throughout the pulmonary circulation. This paper reviews contempo-
rary utilization of magnetic resonance in the evaluation of pulmonary venous abnormalities in children, based on
our experience over the last 5 years and on that of other investigators. We summarize how magnetic resonance
imaging enhances our understanding of pulmonary vein physiology and how it can influence the diagnostic ap-
proach to children and adults with a pulmonary venous pathology, and we discuss its limitations. (J Am Coll
Cardiol 2007;49:993–1002) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.09.052M
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phile relatively rare, abnormalities of the pulmonary veins
epresent one of the more challenging areas of diagnosis and
reatment in children. Although echocardiography, cardiac
atheterization with angiography, computed tomography
CT), and radioisotope ventilation/perfusion scanning all
lay important roles in the diagnosis and functional assess-
ent of pulmonary venous anomalies, magnetic resonance
maging (MRI) is considered best suited for pulmonary
enous abnormalities for 3 reasons (1). First, MRI is able to
isualize vessels regardless of their orientation; second, it
rovides not only the anatomical details but also hitherto
nmeasurable functional information such as volumetric
lood flow and temporal flow relationships; and third, it is
non-invasive procedure without radiation.
While MRI has become the “one-stop-shop” study for
he assessment of the pulmonary arteries in many condi-
ions, there are only a few reports on the assessment of the
ulmonary veins (2–4). This article aims to describe the
RI approach to pulmonary venous anatomy and function
nd to summarize how this can enhance our understanding
f the pathophysiology.
rom the *Section of Cardiac Imaging, Department of Diagnostic Imaging; †Division
f Cardiology, Department of Paediatrics; and the ‡Division of Cardiovascular
urgery, Department of Surgery, The Hospital for Sick Children, The University of
oronto, Toronto, Canada.G
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006, accepted September 27, 2006.RI Techniques
hree main MRI techniques, including white-blood cine
maging, contrast-enhanced angiography (MRA), and
hase-contrast velocity mapping (PC MRI) are currently
sed for the assessment of pulmonary venous pathologies.
agnetic resonance oximetry can be used when a pulmo-
ary arteriovenous or an intracardiac shunt is suspected.
oncontrast white-blood imaging. White-blood imaging
s usually performed by using an electrocardiographically
ated segmented gradient refocused echo (GRE) sequence
r a balanced steady-state free precession (SSFP) sequence.
teady state free precession sequences provide the best
atural contrast between the flowing blood and surrounding
tructures. Therefore, and because of their short acquisition
imes, they are the preferred technique (5). However,
ecause of the requirements for steady state, SSFP se-
uences are sensitive to field inhomogeneities that occur
ithin the lungs or due to metallic implants. A repetition
ime (TR) of 4 ms results in significant flow artifacts in
SFP images. Therefore, a segmented GRE sequence with
ultiple signal-averaging is preferred in small infants, in
hom a small field of view requires a longer TR. Recently,
-dimensional (3D) volume data of the heart and great
essels can be obtained by using a multislice multiphase 3D
SFP sequence (6).
RA. White-blood imaging sequences do not always pro-
ide sufficient spatial resolution for the more peripheral
ulmonary veins, especially when the anatomy is complex.
adolinium, used in MRA with proven safety, is a strong
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MRI Evaluation of Pulmonary Veins March 6, 2007:993–1002T1-shortening agent that enables
very rapid image acquisition of
vascular anatomy with the signals
from the surrounding structures
sufficiently suppressed (Fig. 1)
(2,4). After injection, a delay of 4
to 8 s after the arrival of the con-
trast medium in the descending
aorta allows proper visualization of
the pulmonary veins as well as of
the pulmonary arteries and aorta
in the same angiogram. The imag-
ing time is 20 s for a multislice
3D angiographic data set in most
patients. Asymmetric k-space
sampling and coverage of a smaller
volume of interest further reduce
scan time. The imaging time can
be shortened by using parallel im-
aging and undersampling of the
high-frequency k-space data with
view-sharing or key-hole imaging
(7,8). This technique allows time-
resolved 3D angiography with a
temporal resolution (Tres) as low
as 2 s/frame (9).
C MRI. Phase-contrast velocity mapping depicts the
elocity, volume, and pattern of blood flow (Fig. 2) (3,10).
his sequence measures the phase shifts of moving com-
ared with stationary nuclei. The extent of shifting is
roportional to the flow velocity (11). To eliminate phase
hifts caused by other factors than blood flow, a second data
et is acquired with an inverted gradient and subtracted
rom the first. Therefore, each k-space line is sampled twice,
nd the Tres is TR 2 VPS (views or lines per segment)
11). With 1 view per segment, the best possible Tres is (2
TR), typically ranging between 10 and 15 ms depending
n the scanner. Scan time increases with higher temporal
nd spatial resolution, and this trade-off must always be
aken into consideration. Parallel imaging reduces the im-
ging time without compromising the accuracy but limits
he spatial resolution (12). Accurate measurement of the
lood flow velocity and pattern requires high Tres, while
dequate blood flow volume measurements can be achieved
ith relatively low Tres. In our experience, for accurate
ssessment of both flow volume and flow pattern, 20 to 30
eal data points within a cardiac cycle represent a good
ompromise between acquisition time and Tres. It is im-
ortant to understand that the arbitrarily chosen number of
hases in a cardiac cycle does not represent the true Tres but
s the number of mathematically reconstructed phases. For
xample, a patient who has a heart rate of 100 beats/min
nd therefore an R-R interval of 600 ms requires a mini-
um Tres of 30 ms to achieve 20 data points per cardiac
ycle. Thus, if TR is 7.5 ms, the maximum allowable views
Abbreviations
and Acronyms
AVM  arteriovenous
malformation
CT  computed tomography
GRE  gradient refocused
echo
MRA  (contrast-
enhanced) magnetic
resonance angiography
MRI  magnetic resonance
imaging
PC MRI  phase-contrast
(velocity mapping)
magnetic resonance
imaging
Qp/Qs  pulmonary-to-
systemic blood flow ratio
SSFP  steady-state free
precession
TR  repetition time
Tres  temporal resolution
3D  3-dimensional
%HbO2  blood oxygen
saturationer segment is 2. The imaging plane should be strictly aailored perpendicular to the blood flow using the double
blique technique. Of note, flow velocities are more sensi-
ive to angulation errors than flow volume measurements.
elocities are underestimated by a factor equal to the cos of
he angle between the normal to the imaging plane and the
essel axis. The cross-sectional area is overestimated by a
actor equal to the inverse of the cos of the same angle. Both
ontributions cancel as flow volume is the product of area
nd velocity.
In contrast with Doppler ultrasound, PC MRI allows full
reedom to adjust the imaging planes as needed for accurate
Figure 1 Contrast-Enhanced Angiograms
of Normal Pulmonary Veins
(A) Two-dimensional reformatted image. (B) Volume-rendered 3-dimensional
image. The right lung has 4 pulmonary veins (asterisks), 3 of which form a
confluence (C) as they drain into the left atrium (LA). Ao  aorta; LPA  left
pulmonary artery; RPA  right pulmonary artery.nalysis of flow volume and pattern. Even the pulmonary
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March 6, 2007:993–1002 MRI Evaluation of Pulmonary Veinsessels within the aerated lungs are approachable with MRI,
lbeit accurate quantification is difficult because of artifacts
rom adjacent air (13). Therefore, exact flow quantification
s possible only for the vessels within the mediastinum in
ost patients. Flow patterns, on the other hand, can be
ssessed not only centrally but also in the peripheral veins.
hase-contrast MRI flow measurements are subject to an
naccuracy of 5% (10,14). Flow information of the target
essel can be compared with the information from other
essels that are included in the imaging plane. This allows
omparison of the timing of peaks and troughs of the flow
urves of the target pulmonary vein with those of the
ulmonary arterial and systemic arterial flow curves (Fig. 2)
15). Recently, real-time velocity encoding has been intro-
uced (16).
Phase-contrast MRI of the pulmonary veins is obtained
ithout breath-hold because the venous flow pattern can
Figure 2 Phase-Contrast Images and Flow Velocity Curve of
the Right Upper PV
(A) Magnitude image showing the anatomy of the slice. The cross section of
the right upper pulmonary vein (PV) is seen below the oblique section of the
right pulmonary artery (RPA) and behind the superior vena cava (SVC). (B) A
phase image obtained in systole shows the flow through the RPA in black and
the flow through the right upper PV in white. (C) Time-velocity curves of the
right pulmonary artery and right upper pulmonary vein. The pulmonary venous
blood flow consists of systolic and diastolic (d) forward waves and a late dia-
stolic reversed wave (a) on atrial contraction. The systolic wave consists of
early (es) and late (ls) systolic peaks and is slightly higher than the diastolic
wave. Ao  aorta; RA  right atrium.hange significantly with breath-holding (17). In contrast iith echocardiography, free breathing PC MRI incorpo-
ates multiple full respiratory cycles and, therefore, yields
he average blood flow for in- and expiration. Although this
ature of PC MRI precludes assessment of the effects of
espiration on pulmonary venous flow pattern, the averaged
ata from PC MRI might be more representative of the
emodynamics.
The normal pulmonary venous flow curve consists of 2
orward flow waves during systole and early diastole fol-
owed by a short reversed flow wave when the left atrium
ontracts in late diastole (Fig. 2C). The systolic wave usually
as 2 peaks. The first peak of the systolic venous flow wave
s driven by a suction effect of the left atrium with a fall in
trial pressure after atrial contraction, whereas the second
eak is a result of the net forward blood flow through the
ungs generated by right ventricular systole (18). In our
revious study, the mean flow velocities of the systolic and
iastolic peaks of the normal pulmonary veins were 51 16
m/s and 47  11 cm/s, respectively, with a ratio between
he 2 being 1.1  0.3 (13).
ximetry. Measurement of the blood oxygen saturation
%HbO2) in different parts of the systemic and pulmonary
irculation is used to estimate shunt volumes, cardiac
utput, and perfusion of peripheral organs. Magnetic reso-
ance imaging oximetry is based on the mathematical
elationship between the T2 relaxation time of blood and
he %HbO2. This relationship can be expressed by the
quation: 1/T2  1/ T2O  K {(1  %O2)/100}
2, where
2O is the T2 signal decay of fully oxygenated blood and K
s a constant (19). Thus, the %HbO2 can be estimated by a
2-weighted imaging sequence after a calibration to deter-
ine the T2O and K in the subject (20). Recent studies
ound that both T2O and the constant K can be estimated
f the patient’s hematocrit and fibrinogen concentrations are
nown (21). Magnetic resonance imaging oximetry can be
pplied for detection of intra- or extra-cardiac shunt, such as
ulmonary arteriovenous fistulous communication, and is
xpected to become more prevalent with a general trend for
voiding cardiac catheterization.
linical Applications
nomalous pulmonary venous connections. Isolated to-
al and partial anomalous pulmonary venous connections
ccount for 1.5% and 0.5%, respectively, of congenital heart
isease (22). The evaluation requires visualization of all
ulmonary veins and other pulmonary-to-systemic venous
onnections. We believe MRI to be the method of choice
ecause additional hemodynamic information can be ob-
ained (1,2). A complete study should, therefore, include
easurement of the volume and blood flow velocity of the
bnormal venous drainage, pulmonary-to-systemic blood
ow ratio (Qp/Qs), description of the secondary effects on
ulmonary arterial size and blood flow, and ventricular size
nd function (Fig. 3) (23,24). In particular, MRI plays an
ndispensable role in the evaluation of scimitar syndrome, as
996 Grosse-Wortmann et al. JACC Vol. 49, No. 9, 2007
MRI Evaluation of Pulmonary Veins March 6, 2007:993–1002Figure 3 Partial Anomalous Pulmonary Venous Connection of the RUPV to the SVC in a 3-Year-Old Girl
(A) A contrast-enhanced 3-dimensional angiogram seen from posterior shows the anomalous connection of the right upper pulmonary vein (RUPV) to the superior vena
cava (SVC). The small right lower pulmonary vein (RLPV) connects normally to the left atrium (LA). (B) Time-flow volume curves of the right upper and left upper pulmo-
nary veins and right and left pulmonary arteries. The flow pattern of the right upper pulmonary vein is different from that of the left upper pulmonary vein. There is contin-
uous flow without discernable systolic and diastolic waves in the anomalous right upper pulmonary vein. The right pulmonary artery shows a less resistant flow pattern
with the systolic wave reaching its peak later and showing slower deceleration as compared with the left pulmonary artery. The blood flow ratio between the right and left
lung is 56%:44%. The pulmonary-to-systemic blood flow ratio was 2.2, and the patient required surgical repair of the anomalous connection. Ao  aorta; RA  right atri-
um; RPA  right pulmonary artery.
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March 6, 2007:993–1002 MRI Evaluation of Pulmonary Veinst not only provides crucial information regarding the
bnormal pulmonary venous drainage but also the anatom-
cal and hemodynamic details of the associated abnormali-
ies, including right lung hypoplasia, aberrant systemic
rterial blood supply to the right lower lung, and blood flow
istribution between the lungs (Fig. 4) (25).
Figure 4 Scimitar Syndrome in a 3-Month-Old Boy
Contrast-enhanced angiograms, reformatted in slanted coronal planes, show
the scimitar vein draining most of the right lung to the inferior vena cava (IVC).
(A) The scimitar vein shows severe stenosis as it connects to the IVC. Note
the high signal intensity flow in the IVC. (B) A small right lower pulmonary vein
(RLPV) and the left pulmonary veins (LUPV and LLPV) have normal connections
to the left atrium (LA). The LUPV is stenosed. A small aberrant arterial branch
arises from the abdominal descending aorta (Ao) to supply the posterior basal
part of the right lower lobe. The right lung volume is smaller than the left lung
volume. In this case, the right pulmonary artery (RPA) is not hypoplastic. LLPV 
left lower pulmonary vein; LUPV  left upper pulmonary vein; PA  main pul-
monary artery; RA  right atrium.sulmonary vein stenosis. Pulmonary vein stenosis may
ccur as an isolated lesion or secondary to cardiovascular
urgery or interventional therapies (26). When pulmonary
ein stenosis is suspected, MRA is performed as the initial
RI sequence (Fig. 5). In a study by Valsangiacomo et al.
2), MRA visualized the central two-thirds of the pulmo-
ary veins in 99%, while echocardiography was able to
dentify the pulmonary veins in only 89% (2). Contrast-
nhanced magnetic resonance angiography visualizes not
nly the stenotic lesion but also the collateral venous
hannels to the unobstructed pulmonary veins (Fig. 6). The
ignificance of the stenosis can be evaluated by measuring
ow in the pulmonary veins and arteries in the affected and
naffected lungs. Ideally, flow data are acquired from both
pstream and downstream sides of the stenosis. Typically,
he obstructed pulmonary vein shows loss of phasic blood
ow pattern with an increased flow velocity downstream
nd a decreased velocity upstream from the stenosis (Figs.
B and 5D). When the stenosis is at the veno-atrial
unction, it is difficult to target the downstream jet as its
irection within the cavity of the atrium is unpredictable. In
hese cases, the pre-stenotic segment is easier to target and
ore reproducible than the downstream post-stenotic jet
3). Changes in caliber, and blood flow pattern, and velocity,
owever, are affected by additional factors. For example,
ccelerated or turbulent flow in a pulmonary vein does
ot necessarily mean that there is upstream stenosis (3).
alsangiacomo et al. (2) showed that the echocardiographic
uspicion of pulmonary vein stenosis based on a turbulent
oppler signal was dismissed on the basis of MRA in nearly
0% of the study cases. On the other hand, vessel caliber
nd blood flow profile of the stenosed pulmonary vein do
ot necessarily reflect the real severity of the stenosis,
ecause redistribution of blood flow to the unaffected lung
reas results in reduced blood flow through and reduced
aliber of the affected pulmonary vein (27). Roman et al.
27) demonstrated that unilateral pulmonary vein stenosis
as associated with reduced systolic forward flow and
iastolic flow reversal in the ipsilateral branch pulmonary
rtery (Figs. 5B and 5C). The contralateral branch pulmo-
ary artery showed increased systolic flow and continuous
orward flow in diastole. Blood flowing forward in the
ranch pulmonary artery of the unaffected lung during
iastole was considered to originate from the reversed flow
n the branch pulmonary artery on the side of the stenosed
ein. Furthermore, the cross-sectional area ratio of the right
nd left branch pulmonary arteries correlated well with the
atio of net forward flow through the pulmonary arteries,
uggesting that the hemodynamic effect of unilateral pul-
onary vein stenosis is reflected in the caliber change in the
ranch pulmonary arteries. Blood flow redistribution can
lso be observed within the lung when 1 pulmonary vein is
tenosed while the other veins are not. Phase-contrast MRI
f the pulmonary arteries may show the flow patterns of
econdary pulmonary hypertension that include an early
ystolic peak with reduced peak velocity, early deceleration
998 Grosse-Wortmann et al. JACC Vol. 49, No. 9, 2007
MRI Evaluation of Pulmonary Veins March 6, 2007:993–1002Figure 5 Congenital Stenosis of the Left Pulmonary Veins in an 8-Month-Old Girl
(A) Contrast-enhanced angiograms show severe stenosis of the left lower pulmonary vein (LLPV) and mild stenosis of the left upper pulmonary vein (LUPV). Both veins
are slightly smaller than the right pulmonary veins (RUPV and RLPV). The left pulmonary artery (LPA) is smaller than the right pulmonary artery (RPA) due to diversion of
blood flow to the right lung. (B) Time-velocity curves of the pulmonary veins and pulmonary arteries using phase-contrast imaging. The left pulmonary venous flow data
were obtained from just upstream of the stenosis. The left pulmonary veins demonstrate reduced velocity and loss of phasic changes. The LPA has reduced systolic
blood flow and a premature systolic peak. The blood flow ratio between the right and left lungs is 73%:27%. (C) Contrast-enhanced angiograms obtained 8 months after
the surgical repair of the stenosis show residual tight stenosis of the LUPV and less severe narrowing of the LLPV. Both vessels are much smaller than the right pulmo-
nary veins. The right and left pulmonary arteries remain discrepant in size. (D) Flow curves 8 months after surgery. Left lower pulmonary venous flow velocity is markedly
reduced. Left pulmonary arterial systolic flow is further reduced, and there is reversed flow (shaded) in diastole. There is almost no net blood flow to the left lung. LA 
left atrium; MPA  main pulmonary artery; RLPV  right lower pulmonary vein; RUPV  right upper pulmonary vein.
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March 6, 2007:993–1002 MRI Evaluation of Pulmonary Veinsf the systolic flow curve, and multiple peaks in the
eceleration phase of the systolic curve (28).
ulmonary venous flow pattern after pulmonary vein
urgery. The flow pattern in unobstructed pulmonary veins
fter surgical repair of pulmonary venous pathology differs
rom the normal pattern (3). Repaired veins usually show a
reater diastolic flow component than normal veins, and
ften contain an abnormal downward deflection wave in the
arly systolic phase (Fig. 7). Both features are considered to
eflect impaired compliance of the left atrium either related
o scar formation at the site of atrial incision or to the
ntroduction of graft material into the atrial wall. The less
ompliant left atrium restricts pulmonary venous return
uring ventricular systole, and, therefore, a greater than
ormal portion of pulmonary venous drainage occurs when
he mitral valve is open in early diastole. The downward
eflection of the flow curve in early systole is considered to
e due to a transient pressure increase in the non-compliant
eft atrium at the time of mitral valve closure.
uantification of pulmonary venous flow volume. In
rder to measure the pulmonary venous return with PC
RI, each pulmonary vein is imaged just proximal to the
eno-atrial junction. The sum of the return (i.e., the total
ulmonary venous blood flow) is usually slightly more than
he total pulmonary arterial blood flow because of the
ddition of bronchial arterial blood flow, which is, at least in
art, drained through the pulmonary veins. This difference
n flow volume becomes more pronounced when there are
Figure 6 Postoperative Pulmonary Vein Obstruction With Collat
Drainage to the Unobstructed Ipsilateral Pulmonary V
Contrast-enhanced magnetic resonance angiograms, reformatted in slanted corona
monary veins. (A) The left middle pulmonary vein (LMPV) has an unobstructed con
peripheral branches of the unobstructed LMPV and the branches of the obstructed
RPA  right pulmonary artery.dditional pathological sources of blood flow to the lungs.he lungs recruit additional sources of blood supply after
reation of a cavopulmonary anastomosis, in which systemic
rterial collateral supply to the lungs is seen in the majority
f patients (29). As the systemic collateral arterial circula-
ion in this setting is an inefficient shunt of oxygenated
lood ultimately causing volume overload, large collateral
rteries are percutaneously occluded. However, few objec-
ive criteria are available defining the necessity of and the
a 6-Year-Old Boy
es, reveal complete occlusion of the left upper (LUPV) and left lower (LLPV) pul-
n to the left atrium (LA). (B) Collateral channels (arrows) are seen between the
s and LLPVs. Ao  aorta; RA  right atrium; RLPV  right lower pulmonary vein;
Figure 7 Time-Velocity Curves in a 6-Year-Old Girl With
Repaired Anomalous Pulmonary Venous Connection
The unobstructed right upper pulmonary vein demonstrates the usual post-
operative changes in flow pattern including a higher diastolic wave (d) than the
early (es) and late (ls) systolic peaks. A reversed flow peak (asterisk) is seen
in early systole as the mitral valve closes toward the stiff left atrium.eral
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MRI Evaluation of Pulmonary Veins March 6, 2007:993–1002enefit from this procedure. In this context, the systemic
ollateral arterial supply to each lung can be quantified by
C MRI by subtracting the flow volume through the branch
ulmonary artery from the volume of pulmonary venous
rainage (Fig. 8) (30).
The amount of pulmonary venous return can be used as a
urrogate for the pulmonary arterial blood flow volume
hen direct measurement of the arterial blood flow is
mpossible. These conditions include previous stent place-
ent and significantly turbulent flow in the pulmonary
rtery due to stenosis or a systemic-to-pulmonary arterial or
avopulmonary shunt.
ulmonary arteriovenous shunts and malformations
AVM). Pulmonary AVMs may be congenital or acquired.
emodynamically significant AVMs should be embolized
31). Larger AVMs can be shown by MRA or CT angiog-
aphy, while small AVMs are difficult to visualize even with
Figure 8 Results of a Bidirectional Cavopulmonary Anastomosis
in a 14-Month-Old Boy With Right Isomerism
Contrast-enhanced angiograms show an unobstructed surgical anastomosis as
well as the pulmonary arteries and veins. The right pulmonary artery (RPA) and
vein are smaller than the vessels on the left side. The numbers in the figures
represent flow volumes in liters per minute. There is net reversed flow in the
left pulmonary artery (LPA). The amount of the systemic arterial collateral blood
flow to each lung can be calculated by subtracting the pulmonary arterial blood
flow volume from the pulmonary venous return. The right and left lungs receive
systemic arterial collateral arterial flow of 0.2 and 0.6 l/min, respectively. Sub-
sequent X-ray angiography confirmed florid systemic collateral circulation to the
left lung and subtle collateral circulation to the right lung. SVC  superior vena
cava. Reproduced with permission from Yoo et al. (30).X-ray angiography. Magnetic resonance imaging experience
ith pulmonary AVMs and arteriovenous shunts is limited,
ut venous flow patterns are likely to be altered in the
resence of intrapulmonary shunts. Magnetic resonance
maging-based determination of %HbO2 (21) in the pulmo-
ary veins may, in principle, show reduced values in the
resence of AVM, but has not yet been documented in the
iterature.
ulmonary veins and radiofrequency ablation. The pul-
onary vein ostia are frequent sites of re-entry circuits in
trial fibrillation, and, therefore, present targets of radiofre-
uency ablation procedures, either by selective segmental
stial ablation or, increasingly, by circumferential pulmo-
ary veins ablation (32,33). The 3D reconstructions from
T or MRI studies are used to guide proper positioning of
he ablation catheter tip. Pulmonary vein imaging after
blation procedures has been advocated to rule out injury of
he veins and to detect asymptomatic late stenosis (34).
n our recent experience in a limited number of cases, the
ite and extent of ablation can be evaluated by using
elayed enhancement, as has recently been demonstrated
n dogs (35).
ther clinical applications. Pulmonary vein or AVM
hrombosis is a rare cause for cryptogenic stroke, especially
n young patients, in whom other causes such as atrial
brillation and atherosclerotic disease are rare (36). High-
esolution pulmonary venography using multi-bolus, mul-
iphase MRA has been used to rule out thrombi in the
ulmonary veins (37). Mediastinal neoplasias can both
nfiltrate and externally obstruct the pulmonary veins (38).
neurysms of the thoracic aorta may wedge the left pulmo-
ary veins between the descending aorta and the heart (38).
ll of the above can mimic intrinsic pulmonary vein
tenosis, resulting in a loss of phasic blood flow and high
ow velocities, with the risk of pulmonary edema (39).
uture Perspective
n the future, blood pool agents with a long intravascular
alf-life will further improve the spatial resolution of MRA
nd allow repeated image acquisitions under different pa-
ient postures, breathing maneuvers, and pharmacologic
timuli (40).
Four-dimensional, or time-resolved MRA, will be used
or the assessment of the changes in pulmonary perfusion
econdary to pulmonary venous pathology as well as for the
natomical depiction of complex anatomy (41). Time-
esolved velocity mapping that not only displays the anat-
my in 3 dimensions but also traces blood flow in 3
irections simultaneously is now emerging and is compara-
le to the color Doppler mode of echocardiography (42).
his technique outlines not only the origins of flow accel-
ration but also shows the streamlines of the turbulent blood
ow encoded with different colors according to the velocity.
yperpolarized noble gases such as 3-Helium and 129-
enon have been used for lung ventilation and gas exchange
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March 6, 2007:993–1002 MRI Evaluation of Pulmonary Veinsdiffusion) (43). This technique may be helpful in the
ssessment of those pulmonary vein pathologies that cause
entilation perfusion mismatch, such as chronic pulmonary
eno-occlusive disease, individual pulmonary vein stenosis,
nd pulmonary AVMs.
tudy limitations. The well-known general limitations of
RI such as a need for general anesthesia in small children,
rrhythmias, and pacemakers apply to pulmonary vein
maging. In patients with very complex pulmonary venous
natomy, such as very short common trunks with early
ranching and tortuous veno-venous collaterals, exact flow
uantification can be challenging, especially in neonates and
mall infants. Stenosis generates turbulence that causes
ephasing artifacts in the PC MRI measurements. Further-
ore, accurate flow quantification is usually impossible
nside a stented vessel (44). One study in adults indicated
hat pulmonary vein ostia alternate in size by up to 24%
hroughout the cardiac cycle (45). This may be a combined
ffect of real changes in diameter and in vessel movement
nto and out of the imaging plane during systole and
iastole. The authors also suggested that MRA, which is
on-electrocardiogram gated, is subject to blurring and,
herefore, tends to overestimate ostia size as compared with
D cine imaging (45).
onclusions
ontrast-enhanced MRA is now the gold standard for
omplete anatomic and functional diagnosis of anomalous
ulmonary venous connections and pulmonary vein steno-
es. In anomalous pulmonary venous connection, the
mount of anomalous drainage and the Qp/Qs can be
alculated by using PC MRI. Pulmonary venous flow
elocity, volume, and patterns yield important information
hat is difficult or impossible to obtain using other modal-
ties. Thus, MRA and PC MRI, in conjunction with cine
maging sequences, make MRI a powerful tool in the
xamination of the pulmonary circulation.
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